Progesterone receptor membrane component 1 (PGRMC1) is highly expressed in the granulosa and luteal cells of rodent and primate ovaries. Interestingly, its molecular weight as assessed by Western blot is dependent on its cellular localization with a 27 kDa form being detected in the cytoplasm and higher molecular weight forms being detected in the nucleus. The higher molecular weight forms of PGRMC1 are sumoylated suggesting that they are involved in regulating gene transcription, since sumoylation of nuclear proteins often is associated with regulation of transcriptional activity of the sumoylated protein.
Introduction
With the identification of a receptor for P4 in the 1980s [1] insights into the mechanism through which P4 mediates its actions began to be revealed. This receptor, referred to as the progesterone receptor (PGR), localizes to the nucleus where it regulates gene transcription [1] . Although research has been predominately focused on the transcriptional actions of PGR, several groups have now shown that PGR can also localize to or near the plasma membrane where it interacts with signal transduction kinases such as Src and activates the MAP kinase cascade [2, 3] . To add further complexity to P4's mechanism of action, two other putative progestin receptor families have been identified: the Progestin and AdipoQ family of Receptors (PAQR) discovered by Peter Thomas' group [4, 5] and the progesterone receptor membrane component family [6] with the first member, PGRMC1, cloned by Martin Wehling's group [7] . These two receptor families have been the subject of several reviews that have focused on their membrane-initiated or non-genomic mechanism of action [6] [7] [8] . Interestingly, PGRMC1 not only is detected within the plasma and endoplasmic reticular membranes but also within the nucleus [7, 9] . Surprisingly, Western blot analysis not only detects PGRMC1 as the predicted 27 kDa band but also as higher molecular weight bands [10] . Although it is generally assumed that the higher molecular weight forms are oligomers of the 27 kDa form [11] , this concept has not be rigorously tested. Determining the nature of these higher molecular weight forms of PGRMC1 is important and could provide insights into PGRMC1's action. In addition, the concept that PGRMC1 may regulate gene transcription is supported by the findings that P4's anti-apoptotic action is dependent on de novo RNA and protein synthesis [12] .
Therefore in the first section of this review, studies that shed light on the nature of these higher molecular weight forms of PGRMC1 will be presented. In the subsequent sections, studies that reveal a role for PGRMC1 in regulating gene transcription will be described. All of the studies presented in this review used cell lines derived from either human granulosa/luteal cells obtained from women undergoing in vitro fertilization (hGL5 cells) [13] or rat granulosa cells (SIGCs) [14] . To assess PGRMC1's role in gene expression, cells were treated with PGRMC1 siRNA to deplete PGRMC1. Gene expression profiles were then assessed in PGRMC1-depleted hGL5 cells by microarray analysis, while PGRMC1-dependent transcription factor activity was determined using SIGCs.
Cellular localization of PGRMC1
As indicated, Western blots from hGL5 cells (Fig 1A) detected PGRMC1 as a 27, 56 and 75 kDa bands. While the 27 kDa band is always detected, the presence of the higher molecular weight bands is often dependent on the amount of protein loaded on the gel. The detection of the higher molecular weight forms of PGRMC1 is consistent with Western blots that have been published for several of cell types [6, 10, 11, 15] . The vast majority of these Western blots used the ''NT'' antibody to PGRMC1 that was generated and made available by Martin Wehling's group [10] . Presently there are several commercial antibodies available. Although we have not assessed all of them (Table 1) , most detect PGRMC1 as a 27 kDa band as well as the higher molecular weight forms mimicking the Western blots obtained with Wehling's ''NT'' antibody. Interestingly the antibody available from Proteintech group (12990-1AP) only works for human samples and only detects the 27 kDa form. The reasons for this remain to be determined.
Immunocytochemical studies detect PGRMC1 in the nucleus, cytoplasm and at segments of the plasma membrane (Fig 1B) . Interestingly, analysis of Western blots that used lysate prepared from the cytoplasmic fraction of SIGCs only detected the lower molecular weight form of PGRMC1, while the higher molecular weight forms were predominately found within the nucleus [12] .
It is generally believed that the higher molecular weight forms are oligomers of the 27 kDa form of PGRMC1 [7, 11] . However, we were unable to completely disrupt the putative oligomers with DTT, which is known to break the disulfide bonds that are thought to be responsible for dimerization of PGRMC1 molecules [7, 11] . If dimerization does not completely explain the presence of higher molecular weight forms of PGRMC1, what other mechanism could account for the higher molecular weight forms? An in silico analysis of PGRMC1 revealed three sumoylation sites (http:// sumosp.biocuckoo.org/) and we have shown that PGRMC1 within the nucleus is sumoylated. This conclusion is based on the observations that the higher molecular weight forms of PGRMC1 are (1) reduced in the presence of a sumoylation inhibitor, Ginkgolic acid and (2) immunoprecipitated using a Sumo1 antibody (Lodde et al. unpublished) . Finally using an in situ proximity ligation assay, Sumo1 has been shown to be in direct contact with PGRMC1 within the nucleus (Fig 2) and the amount of sumoylated PGRMC1 is enhanced by progesterone treatment (Lodde et al. unpublished) . However, in addition to SUMO1, there are three other members of the SUMO family [16] and whether they are involved in sumoylation of PGRMC1 remains to be determined.
These studies are the first to implicate sumoylation as a posttranslational modifier of PGRMC1 but considerably more work must be done to verify and to completely define the role that sumoylation plays in regulating PGRMC1's action. Importantly, sumoylation of nuclear proteins is often associated with regulation of transcriptional activity of the sumoylated protein [16] . This further supports our hypothesis that nuclear PGRMC1 may function to transcriptional regulator. 
PGRMC1 and P4-independent gene expression
To begin to test this hypothesis, hGL5 cells were transfected with either PGRMC1 siRNA or a scrambled control siRNA. The transfections were done according the protocol described by Ambion using siPORT NeoFx as previously published [9] . After 3 days of culture with PGRMC1 siRNA, PGRMC1 levels were reduced by approximately 80% as assessed by real-time PCR (Fig 3A) , Western blot analysis (Fig 3B) , and immunocytochemistry (Compare Fig 3C  with 3D ). PGRMC1 siRNA treatment did not alter GAPDH levels ( Fig  3B) .
Having confirmed the effectiveness of PGRMC1 siRNA treatment, the effect of depleting PGRMC1 on the gene expression profile of hGL5 cells maintained in serum-supplement culture medium was assessed. For these micrarray studies, three independent samples of hGL5 cells were treated with PGRMC1 siRNA, while two samples of hGL5 cells were treated with scrambled control siRNAs. Briefly, RNA was isolated from each sample using the Qiagen RNeasy RNA isolation kit and the RNA samples assessed using the Human/Mouse-6 arrays. These array assays were processed at The University of Ct Hlth Ctr Genomics Core (http:// genetics.uchc.edu/TG/Welcome.html).
The microarray data was analyzed using the Illumina BeadStudio program, using the GX gene expression module. The data was normalized using the average normalization method, and the mRNAs in the PGRMC1 siRNA treatment group compared with those of the scramble siRNA treatment group using the differential expression module and the Illumina custom algorithm. An mRNA was considered to be non-detectable if the probes had an overall detection value of less than 15. Average expression levels were then calculated.
As indicated the hGL5 RNA samples were analyzed on an Illumina Human/Mouse-6 chip that contained 48,701 mRNA probes. A specific and statistically significant signal was detected for 49% of the mRNA probes. A total of 2042 mRNAs showed a 50% or greater increase in expression levels in the PGRMC1 siRNA treated cells relative to the scramble siRNA treatment group. In contrast, 1775 probes showed at least a 50% decrease in expression in the PGRMC1 siRNA treated samples compared to the scramble siRNA treatment group. This suggests that PGRMC1 generally functioned as a repressor of transcription, since depletion of PGRMC1 resulted in a disproportionate increase in the number of transcripts (p < 0.0001 as assessed by Chi-Square with Yates correction).
To determine which biological pathways might be affected by the loss of PGRMC1, the DAVID bioinformatic resource at the National Institute of Allergy and Infectious Diseases was used. The genes that showed an increase or decrease in expression of 2-fold or greater were searched for statistically significant levels of over representation within Gene Ontology category: biological processes. This analysis revealed that genes involved in apoptosis were highly affected by depleting PGRMC1.
For example, depleting PGRMC1 increased mRNAs for caspases 3, 4 and 8 ( Table 2) . A comparison of Tables 2 and 3 indicated that most but not all of the changes in gene expression were directing the cell toward apoptosis. This would be consistent with PGRMC1's role for maintaining the cells in a viable state and making them more resistant to inducers of apoptosis such as chemotherapeutic agents [9, 17] .
Of the apoptosis-related genes, the increased expression of the caspases is the most interesting, since granulosa/luteal cells undergo apoptosis through a caspase-dependent mechanism [18] . Thus the ability of PGRMC1 to suppress the caspase expression could account in part for its ability to inhibit apoptosis.
Interesting, the PGRMC1-suppresssed genes include those that stimulate or inhibit mitosis. For example in the present microarray study, the expression of the mitosis-stimulating gene, Myb [19] was increased by 2.42-fold, while the anti-mitotic/pro-apoptotic gene, ELL associated factor 2 (Eaf2) [20] was increased by 2.86-fold. It is likely that ablation of PGRMC1 leads to a disregulation of the An image of an in situ proximity assay demonstrating that PGRMC1 and Sumo1 directly interact and are presumably covalently coupled. In this assay a rabbit antibody (Sigma Chemical Co., HPA002877) is used to detect PGRMC1 and a mouse antibody used to detect Sumo1(Invitrogen). Unlike standard co-localization protocols, each of the secondary antibodes used to detect each primary antibody was tagged with a complimentary oligonucleotide probe. Direct interaction between the two proteins is detected by the hybridization of the oligonucleotide probes, amplification and subsequent hybridization with the fluorescently labeled probe. A direct interaction between the two proteins is revealed by the presence of red fluorescent dots. The nuclei were stained with DAPI, which fluoresces blue. For details on this protocol see http://www.olink.com/products-services/duolink/ situ-pla-technology. mitotic cascade resulting in ''mitotic catastrophe'' and ultimately apoptosis. It is possible then that PGRMC1 is somehow involved in controlling the timing of the precise chain of molecular events that regulate mitosis. These observations suggest that in granulosa cells PGRMC1's anti-apoptotic action has two components: one that suppresses activators of apoptosis (i.e. caspase expression) and another that suppresses the expression of various cell cycle genes thereby preventing a ''mitotic catastrophe''.
P4-PGRMC1 regulated gene expression
Like hGL5 cells, PGRMC1 siRNA treatment of SIGCs increases basal expression of several apoptosis-related genes including caspase 4 and 8 [12] . Moreover in SIGCs, treatment with P4 induces the anti-apoptotic gene, Bcl2a1d and suppresses the pro-apoptotic gene, Bad with the expression of these genes being dependent on PGRMC1 [12] .
Although our studies indicate that PGRMC1 affects gene expression, they do not provide any insight into the mechanism through which P4 activates PGRMC1's genomic action. To explore how P4-PGRMC1 interaction regulates gene expression, a study was conducted to determine which transcription factors are regulated by P4. This study revealed that P4 significantly increased the activity of NF-1 and Pit-1 and suppressed the activity of ER, Pax-5, TR, TFIID and Tcf/Lef (Fig 4) . Further studies revealed that P4-induced suppression of Tcf/Lef activity was dependent on PGRMC1. Importantly, changes in Tcf/Lef activity influence the expression of genes that regulate many cellular functions including cell survival and cell proliferation [21] . Thus, P4's ability to act through a PGRMC1 to suppress Tcf/Lef activity provides the first insights into how PGRMC1 regulates gene expression. In addition these findings support our concept that P4 activation of PGRMC1 prevents a ''mitotic catastrophe'' as part of its apoptotic mechanism of action.
Summary and future research
The data presented in this review begins to provide a basic framework that defines a mechanism through which P4-PGRMC1 interaction regulates gene expression and ultimately inhibits apoptosis [6, 17, 22, 23] and mitosis [24] . This mechanism is probably initiated in the cytoplasm where P4 stimulates the sumoylation of PGRMC1. Sumoylation not only increases its molecular weight but also is likely to be a required for PGRMC1's transport into the nucleus. Transport into the nucleus is an essential component of this mechanism, since nuclear PGRMC1 is required for P4's antiapoptotic action [12] . Once in the nucleus, PGRMC1 regulates gene expression in P4-independent and P4-dependent manner. Some of the genes that are suppressed by PGRMC1 in the absence of P4 are involved in mediating the apoptotic pathway (i.e. caspases). A second set of PGRMC1-dependent genes that are regulated by P4 are involved in suppressing apoptosis and mitosis. That this component of PGRMC1's action is P4-dependent is evidenced by P4's inability to suppress Tcf/Lef activity in the absence of PGRMC1. Since Tcf/ Lef activation suppresses genes that promote entry into the cell cycle [25] , P4-PGRMC1 activation likely prevents an inappropriate entry into the cell cycle, thereby preventing a ''mitotic catastrophe'' and subsequent apoptosis.
Finally, it is important to appreciate that this is a skeletal framework for PGRMC1's actions, which is presented in order to stimulate research that will eventually completely define the mechanism through which P4-PGRMC1 interaction preserves cell viability and regulates mitosis. Because this framework is incomplete, it is absolutely essential that each component be rigorously tested. factors. In this experiment SIGCs were incubated in serum-free medium for 6 h in the presence or absence of progesterone. The activity of these transcription factors was assessed using luciferase report assays provided by Signosis BioSingal Capture (Sunnyvale, CA). Values are expressed as a percentage change from serum-free control. Progesterone induced either a significant (p < 0.05) increase or decrease in activity.
